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We report low-temperature photoluminescence measurements on highly-uniform
GaAs/AlxGa1−xAs quantum dots grown by droplet epitaxy. Recombination between
confined electrons and holes bound to carbon acceptors in the dots allow us to
determine the energies of the confined states in the system, as confirmed by effective
mass calculations. The presence of acceptor-bound holes in the quantum dots gives
rise to a striking observation of the phonon-bottleneck effect. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4922950]
Charge carrier relaxation is known to be a very rapid process in bulk and two-dimensional
semiconductors, where there is a continuum of states that allow phonon emission whilst conserv-
ing energy and momentum. In contrast, the discrete energy levels in quantum dots (QDs) leads
to the expectation that single-particle carrier relaxation should be very slow, unless the separa-
tion between confined states is commensurate with the longitudinal optical (LO) phonon energy
(36 meV in GaAs).1 The so-called ‘phonon bottleneck’ was thus predicted to be a severe limitation
to the performance of QD-based devices,2 but it has turned out to be remarkably conspicuous by
its absence, and it was 10 years before it was observed, using time-resolved differential transmis-
sion spectroscopy.3 It is now known that efficient carrier relaxation proceeds as a multi-particle
process4 involving electron and hole.5 However, remove the hole and the phonon bottleneck ap-
pears.3 Here we report conventional photoluminescence (PL) measurements on a large ensemble of
highly-uniform GaAs/AlxGa1−xAs QDs grown by droplet epitaxy.6 We show that at low tempera-
ture the PL is dominated by recombination of confined electrons with acceptor-bound holes (e-A0).
Trapping of holes by carbon impurities disables multi-particle processes, turning on the phonon
bottleneck, and preventing relaxation of electrons to lower confined states: e-A0 recombination from
the highest electron state (n = 4) is 30 times brighter than that from the ground state (n = 1). Rais-
ing the temperature generates free holes, strongly increasing the confined-electron to confined-hole
recombination intensity, whilst also turning off the phonon bottleneck, and allowing electrons to
relax to lower energy states.
Droplet epitaxy is becoming increasingly popular for the fabrication of semiconductor nanos-
tructures due to its broad applicability: it can be used for both lattice-matched and
lattice-mismatched systems and produces a wide variety of morphologies.7–10 GaAs/AlxGa1−xAs
QDs are particularly appealing because both materials are extremely well understood and the dots
are strain-free, making it a model system for the study of zero-dimensional physics. In droplet
epitaxy, metallic Ga droplets are first formed on the surface of the wafer in the absence of As flux,
and are subsequently crystallized through exposure to As flux for the formation of GaAs QDs.
Ga droplets are usually formed at low temperature (∼ 300 ◦C) in order to maintain their original
morphology.11 However, such low temperatures often cause degradation of crystalline and optical
quality during the deposition of the AlxGa1−xAs capping layer.12,13 Moreover, the low-temperature
growth also strongly influences the formation of GaAs, and increases the incorporation of carbon
impurities.14 This, as we shall show, can be exploited.
Recombination between confined electrons and acceptor-bound holes has a number of
advantages for the study of novel physical phenomena in semiconductor nanostructures. Since
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the bound-hole energy is well defined, PL is a direct measurement of the energy spectrum of
the electronic states, and localization of the hole also relaxes k-conservation rules, such that the
entire electronic density of states can be investigated.15,16 Furthermore, in the initial state, i.e. prior
to recombination, the acceptor is occupied by a photo-excited hole and is neutral, so provides
only a very small perturbation to the electronic states of the system under investigation. Electron
to neutral acceptor recombination was used very successfully by Kukushkin and co-workers to
probe the physics of two-dimensional (2D) electron systems,17 leading to optical investigation of
Landau levels,15,16,18 Shubnikov-de Haas oscillations,19 the fractional quantum Hall effect20,21 and
Wigner crystallization.22,23 However, despite the intense interest in the physics and applications of
low-dimensional semiconductors which continues to the present day, there is, to our knowledge, no
equivalent experimental work involving zero-dimensional structures.24
The samples were grown by solid-source molecular beam epitaxy on GaAs substrates. After
the deposition of a GaAs buffer layer, a 100-period 28-Å/28-Å GaAs/AlAs superlattice was grown,
followed by a 50-nm, Al0.29Ga0.71As layer. The Ga droplets were then deposited and crystallized us-
ing a variation on standard techniques for QD formation by droplet expitaxy. The dots were capped
by a further 50-nm Al0.29Ga0.71As layer and another superlattice to form a dot-in-a-well (DWELL)
structure, where the superlattice forms the barriers of the well (Fig. 1). The sample was completed
with a final Al0.29Ga0.71As layer and the formation of surface GaAs QDs, the morphology of
which was investigated by atomic force microscopy (AFM). PL experiments were carried out at
temperatures between 4 and 300 K in an Oxford Instruments flow cryostat, using multimode optical
fibers to transmit 532-nm laser light to the sample and to collect the PL, which was analysed by a
spectrometer and electron-multiplying charge-coupled device.
Fig. 2(a) shows a typical low-temperature spectrum at an incident laser power of 5.43 mW. Five
peaks can be seen, labelled Peak 1 through to Peak 5, going from low to high energy. Peak 1 to Peak
4 are attributed to recombination of electrons in confined states, n = 1 to 4, with a hole bound to
a carbon acceptor (electron to neutral acceptor, e-A0), whilst Peak 5 is assigned to recombination
of electrons in the n = 4 state with heavy holes (hh) in the ground state of the QD. At longer
wavelengths an e-A0 peak is observed ∼30 meV below the bulk GaAs peak [inset to Fig. 2(a)],
confirming the presence of carbon in the sample.25 The average full-width at half maximum of
Peak 1 to Peak 3 (from 2 to 21 K) is 10 meV, which is comparable to or lower than the best
values reported in the literature for GaAs/AlxGa1−xAs QDs,26–28 indicating highly uniform dots.
FIG. 1. Schematic band-diagram of the active layers of sample used to model the experimental results (not to scale). The
horizontal lines show the energies of the confined electron and heavyhole levels, and the carbon acceptor (A0). The transitions
observed in the PL experiment are indicated as Peak 1, Peak 2 etc.
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FIG. 2. (a) Low temperature (4 K) spectrum of the GaAs/AlxGa1−xAs luminescence (logarithmic intensity scale). Peaks
1 to 4 are confined-electron to neutral-acceptor transitions (e-A0), while Peak 5 is the result of band-to-band recombination
between electrons in the AlxGa1−xAs quantum well and heavy holes (hh) confined to the dots. The wider spectrum in the
inset (linear intensity scale) also shows the bulk GaAs recombination at lower energy. The peak labelled C is attributed to
e-A0 recombination in the bulk. (b) 2×2 µm AFM derivative image of the surface of the sample.
The high uniformity is demonstrated by the AFM image of surface dots shown in Fig. 2(b). The dots
have a tendancy towards a volcano-like morphology, i.e with a small central recess. The average
height and base diameter are 2.3 ± 0.5 nm and 48 ± 5 nm respectively, while the areal density is
2.0 ± 0.1 × 1010 cm−2. Each of the PL peaks Peak 1 to Peak 4 represent recombination of confined
electrons with the same localized state (a hole bound to an acceptor), so their separation is a direct
measurement of the separation of the confined electron energy levels in the system. Indeed, the
energies of the confined electron states may be found by subtracting the GaAs band gap and the
carbon acceptor binding energy from the PL energies. Table I lists the energies of the confined
electron states, derived from the average of 20 measurements of the PL energy between 1.7 and
21 K (Fig. 3).
In order to confirm our assignment of the PL peaks, the confined electron states in the system
were calculated using an effective mass model in which the Γ-valley electron effective mass m∗e is
given in terms of band parameters by29
m0
m∗e
= (1 + 2F) + Ep(Eg +
2∆so
3 )
Eg(Eg + ∆so) , (1)
where m0 is the free electron mass, F is Kane parameter, ∆SO is spin-orbit splitting parameter, Ep is a
band parameter associated with carrier momentum and Eg is the band-gap energy. The band parame-
ters for GaAs and AlxGa1−xAs were obtained from Ref. 29 using Vergard’s rule for the AlxGa1−xAs
with an Al fraction, x, of 0.30. The conduction band offset between GaAs and Al0.29Ga0.71As was
taken to be 62% of the difference in their band gaps.1 The GaAs/AlxGa1−xAs system is unstrained,
TABLE I. Confined electron to neutral acceptor transition energies and electron confinement energies. The experimental
confinement energies are obtained by subtracting a temperaturedependent value for the GaAs band gap and the carbon
acceptor binding energy of −30 meV. Details of how the theoretical values were calculated are given in the text.
Confinement energy
PL peak (electron level) PL peak energy (meV) Experiment (meV) Theory (meV)
Peak 1 (e1) 1668.2 ± 0.6 177.8 ± 0.5 176.5
Peak 2 (e2) 1710 ± 2 219 ± 2 206.9
Peak 3 (e3) 1726 ± 1 235.1 ± 0.8 241.6
Peak 4 (e4) 1756 ± 1 266 ± 1 267.0
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FIG. 3. Low-temperature confined electron to neutral acceptor transition energies (left axis). The right axis gives the
corresponding confinement energies, which are derived by subtracting (1520 – 30) meV. The dotted lines show the calculated
confinement energies.
so it is expected that buried GaAs dots will be the same as surface dots.30 However, for simplicity the
QDs were assumed to be elliptical in cross section, with a diameter of 50 nm.31 The best agreement
with the confinement energies was found with a dot height of 2.17 nm, which is within uncertainty of
the experimental value. The AlxGa1−xAs thickness was taken from cross-sectional AFM,32 and the
mini-band energies in the GaAs/AlAs superlattice bounding the AlxGa1−xAs were taken to be infinite.
The calculated confinement energies are compared to the experimental values in Table I. The theo-
retical values for the energy states agree within 3% of the experimental values, except for the n = 2
level, for which agreement is only slightly worse at 5.6%, unequivocally confirming our assignment
of the optical transitions. It is worth noting that the n = 4 level is not confined to the dot, but is in
the AlxGa1−xAs layer bounded by the superlattice. Finally, we are now also able to determine the
confinement energy of the hole ground state: this is simply the difference in energy between Peak 4 and
Peak 5, taking into account the carbon acceptor binding energy, i.e. 1803 meV − 1756 meV − 30 meV
= 17 meV.
Having identified the PL peaks and determined the confinement energies in the system, we
now go on to discuss the phonon bottleneck in this system. In Fig. 2(a) it is striking that Peak 4,
associated with recombination from the highest energy state, n = 4, is the most intense, and that
the intensity decreases with decreasing n. This is despite the fact that the data is taken at low
temperature and the separation of adjacent PL peaks (the confined electron states) is between 16
and 41 meV, while the gap between the n = 1 and n = 4 levels is 88 meV, which corresponds to
a thermal energy of 1000 K. Nevertheless, we suggest that the relative intensity of the peaks does
reflect the occupation of the states, i.e. that at low temperature the n = 4 state has the highest
occupancy, and n = 1 the lowest. Moreover, the laser excitation powers used in the experiments are
very low (∼10−5 Wcm−2), so occupation of confined electrons states n > 1 cannot be the result of
state filling. The occupancies of the energy levels are, thus, non-equilibrium. We attribute this to the
phonon-bottleneck effect.
Fig. 2(a) also shows that at low temperature Peak 4 is a few hundred times more intense than
Peak 5. Since both transitions involve the electrons in the n = 4 level, this difference in intensity
implies that there are very few holes in the QD ground state. In the absence of holes (or with holes
in a bound state with a well-defined energy) the phonon bottleneck is manifest, and the electrons
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FIG. 4. Temperature dependence of the PL peak intensities relative to Peak 4. Raising the temperature thermalizes the holes,
increasing the occupancy the quantum dot ground state and the relative intensity of Peak 5. This also turns off the phonon
bottleneck, allowing electrons to relax to lower confined states, and increasing the relative intensity of Peaks 1 to 3.
are prevented from relaxing into lower energy states. To turn off the phonon bottleneck, we need
to introduce free holes into the QDs, which we can do by increasing the temperature. Fig. 4, which
plots the intensities of Peaks 1, 2, 3 and 5 relative to that of Peak 4, shows the effect of raising the
temperature and removing the phonon bottleneck. It is interesting that the largest increase in relative
intensity is for Peak 5 (by more than a factor of 1000). Since Peak 4 and Peak 5 share a common
initial state for the electron, this reveals a massive increase in the number of holes in the QD
ground state. The following picture of the hole dynamics in the sample thus emerges: At the lowest
temperatures photo-excited holes are attracted to, and trapped by, negatively-charged (unoccupied)
acceptors, such that confined electron to A0 recombination dominates (note that after recombination
the acceptors are unoccupied again). Increasing the temperature allows holes to thermalize out of
the superlattice and AlxGa1−xAs, raising the occupancy of the confined hole states in the QDs.
Given that the C acceptor binding energy is ∼30 meV, it is reasonable to assume that increasing the
temperature to 100 K does not significantly reduce the number of C acceptors in the dots that are
occupied with holes. Hence, the 1000-fold increase in relative intensity of Peak 5 implies that the
proportion of QDs with acceptors is a fraction of 1%. Indeed, the increase in intensity of Peak 5
is made even more remarkable when we consider what is happening to the electrons in the system:
Introducing free holes into the QDs turns off the phonon bottleneck, allowing electrons to relax into
the n = 1 to 3 levels, increasing the relative intensities of Peaks 1 to 3 by approximately a factor of
100. Finally, we note that intense PL is observed in this system all the way up to room temperature,
although detailed identification of the transitions becomes difficult as features become thermally
broadened and redistribution of the carriers makes transitions such as electron ground state to hole
ground state optically active.33
In summary, we have presented low-temperature photoluminescence measurements on highly
uniform GaAs/AlxGa1−xAs quantum dots for which recombination between electrons and holes
bound to carbon acceptors is observed, allowing us to determine the energies of all the confined
electron states in the system and the confinement energy of the hole ground state. The assignments
of the energy levels are confirmed by effective mass calculations. The presence of carbon in the dots
is shown to give rise to a dramatic demonstration of the phonon bottleneck.
This work was partly supported by the Engineering and Physical Sciences Research Council.
The data in the figures for this manuscript are openly available from Lancaster University data
archive at http://dx.doi.org/10.17635/lancaster/researchdata/9.
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